During the last few years there has been a strong growth in the availability and capabilities of numerical wave tanks. In order to assess the accuracy of such methods, a validation study was carried out. The study focuses on two types of numerical wave tanks: 1. A numerical wave tank based a non-linear potential flow algorithm. 2. A numerical wave tank based on a Volume of Fluid algorithm.
The first algorithm uses a structured grid with triangular elements and a surface tracking technique. The second algorithm uses a structured, Cartesian grid and a surface capturing technique. Validation material is available by means of waves measured at multiple locations in two different model test basins. The first method is capable of generating waves up to the break limit. Wave absorption is therefore modeled by means of a numerical beach and not by mean of the parabolic beach that is used in the model basin. The second method is capable of modeling wave breaking. Therefore, the parabolic beach in the model test basin can be modeled and has also been included. Energy dissipation therefore takes place according to physics which are more related to the situation in the model test basin. Three types of waves are generated in the model test basin and in the numerical wave tanks. All these waves are generated on basin scale. The following waves are considered: 1. A scaled 100-year North-Sea wave (Hs=0.24 meters, Tp=2.0 seconds) in deep water (5 meters) 2. A scaled operational wave (Hs=0.086 meters, Tp=1.69 seconds) at intermediate water depth (0.86 meters) generated by a flap-type wave generator. 3. A scaled operational wave (Hs=0.046 meters, Tp=1.2 seconds) in shallow water (0.35 meters) generated by a piston-type wave generator. 
INTRODUCTION
It becomes more and more important to validate and use prediction tools for wave generation because: 1. They help to better understand the physics 2. Thy help to improve the performance of test basins 3. They can be used as coupling methods to other tools (for example to predict wave impact).
This paper compares the results of two different methods for wave generation with the results of wave measurements in two different model test basins. The first method uses the Navier-Stokes equations as the basis of the numerical model. The second one applies potential flow theory. Both methods take into account non-linear free surface effects. This paper describes the mathematical and numerical features of both models, the layout of the model test basins, and finally compares computed and measured wave trains in several ways.
The numerical simulation of nonlinear waves follows from the mathematical model that is used to describe the wave dynamics. Based on the continuum hypothesis, the conservation of mass and momentum in an isothermal flow lead to the Navier-Stokes equations for the fluid velocity, pressure and density. The Navier Stokes equations simplify to Euler's equations for the velocity if the fluid is considered nonviscous. Using the additional assumption of the incompressibility and the rotation-free of the fluid allows for the introduction of a velocity potential that completely determines the velocity field. Under the conditions leading to the potential flow model, the equations that describe the evolution of the air-water interface can be expressed in terms of the potential and the shape of the interface itself.
The numerical simulation of nonlinear water waves using the potential-flow assumption has been studied since the mid 1970's. Extensive reviews on the topic of wave simulation are given by Yeung (1982) and Tsai (1996) . Kim et al. (2000) reviewed the research on the development of Numerical Wave Tanks (NWT's). The two numerical wave tanks that are discussed here are based on a Volume of Fluid (VOF) method and on a finite-element method (FEM) for non-linear potential flow.
The numerical wave tank based on the VOF method is called ComFlow. This method solves the Navier Stokes equations. Initially developed to study sloshing liquid motions in spinning satellites in space (micro-gravity environment), the method has been extended to incorporate propagation of gravity waves. To solve the Navier-Stokes equations numerically, the computational domain is covered with a fixed Cartesian grid. Volume apertures and edge apertures are used to indicate for each cell which part of the cell and cell face respectively is open for fluid and which part is blocked by solid geometry. To track the free surface, a volume-of-fluid function is used, which is 0 if no fluid is present in the cell, 1 if the cell is completely filled with fluid and between 0 and 1 if the cell is partly filled with fluid. The Navier-Stokes equations are solved in every cell containing fluid. It is possible to have one moving object in the flow, moving with a prescribed motion. In this way, a wave generator can be modeled. When a wave generator is used, other floating objects cannot be modeled. More details can be found in Fekken (2004 More details on the theory used in non-linear potential flow calculations are given in Westhuis (2001).
NUMERICAL WAVE TANK BASED ON VOF METHOD
This numerical wave tank is a non-linear 3D time domain program for the simulation complex free surface flows. The program solves the Navier-Stokes equations on a fixed Cartesian grid. In a conservative form, they are given by:
Here, V ∂ is the boundary of volume V, u = (u,v,w) is the velocity vector in the three coordinate directions, n is the normal of volume V, ρ denotes the density and p is the pressure. µ denotes the dynamic viscosity and F = (Fx,Fy,Fz) is an external body force, for example gravity.
The variables are staggered, which means that the velocities are defined at cell faces, whereas the pressure is defined in cell centers. The body geometry is piecewise linear and cuts through the fixed rectangular grid. Volume apertures (Fb) and edge apertures (Ax, Ay, and Az) are used to indicate for each cell which part of the cell and cell face respectively is open for fluid and which part is blocked by solid geometry. To track the free surface, the Volume-of-Fluid function Fs is used, which defines the fraction of the cell that is filled with fluid (so The Navier-Stokes equations are solved in every cell containing fluid. The air is modeled as a void, having a constant pressure. The method can deal with overturning flows, but air entrapment is not modeled.
Figure 1: Example of cell-labeling in VOF method
It is possible to have one moving object in the flow, moving with a prescribed motion. In this way, a wave generator can be modeled. An unlimited number of fixed objects can be modeled in the flow. These can be used for example to describe the parabolic beach and the ramp in the Offshore Basin.
The method uses first-order upwind difference schemes for the convective terms in the Navier-Stokes equations. This proves to be very stable, but also results in significant numerical dissipation. Unless extremely fine meshes are used, this dissipation is of the same order of magnitude or higher than the physical, viscous dissipation. Flows with important viscous details (for example vortex shedding or tip vortex) can therefore not be represented in a realistic manner. The method is however very well suitable to describe impulse-driven flows (the first maritime application was the flow of green water on deck and the resulting impact on equipment). It is therefore important to carry out mesh-refinement convergence studies.
NUMERICAL WAVE TANK BASED ON NON-LINEAR POTENTIAL FLOW AND FEM
This numerical wave tank is a non-linear 2D time-domain program for the simulation of wave propagation. Assuming the fluid to be incompressible and non-viscous with an irrotational velocity, and the free surface a single valued function of the horizontal coordinate, the following equations govern the fluid flow and free surface evolution:
Since the free surface is a single-valued function, overtopping (breaking) waves cannot be modeled (the method then breaks down). The fluid domain is divided into triangular finite elements. During the simulation, automatic re-gridding takes place if the fluid domain changes shape (near the freesurface and near the wave generator). The program computes the free surface, fluid velocities and pressures in four different, coupled domains: 1. Wavemaker domain, generating the waves. 2. Grid domain 3. Pressure damping domain, reducing high-frequency reflections 4. Sommerfeld domain for suppression of long waves Each of these four domains are briefly discussed here
Wavemaker domain
The wave-maker domain is used to generate waves on the inflow boundary of the computational domain. Waves can be generated by means of an oscillating flap-type or piston-type wave generator. On the true position of the wave generator, the water velocity normal to the wave generator is set equal to the normal velocity of the wave generator. The wave generator can have an arbitrary length, and an arbitrary hinge point. This way it is possible to simulate both piston type wave generators (limit of hinge point to infinity) and hinged wave flaps. Both are considered in this paper.
Grid domain
The grid domain is next to the wave-maker domain. In this domain, the actual wave data of interest is computed and stored for further post-processing. A grid-stretching option β controls the accuracy of the velocity potential in the vertical direction β=0 results in a uniform grid. Figure 2 shows several examples of grid stretching.
Pressure damping domain
The pressure damping domain is next to the grid domain and is used to damp the short wave components. An additional, fluctuating pressure is added to the constant free surface pressure, according to:
x start is the horizontal co-ordinate of the start of the pressure damping domain. The additional pressure has the same sign as the vertical free surface velocity and the pressure force therefore always opposes the free surface motion. The air is thus acting as a damper on the free surface. The damping zone is normally only active close to the (outflow) edge of the computational domain. In the computations shown in this paper α (x) is chosen to be a linear function. Figure 3 shows the reflection coefficients using constant, linear and parabolic functions.
Sommerfeld domain
The Sommerfeld domain is a small domain next to the pressure damping domain. This domain is used to damp the long wave components. At the outflow boundary of this domain, the Sommerfeld condition is applied:
With the phase velocity of the wave component that should be absorbed. This condition, in theory, perfectly absorbs waves with wave phase velocity c s. It can be shown that the reflection coefficient equals: 
WAVE BASINS
The dataset used for validation was generated in the Offshore Basin (OB) of MARIN and in the Scheldt wave flume of Delft Hydraulics.
The OB has dimensions 45x36 meters and has a moveable floor with a ramp at the sides (for current in and outflow). The maximum water depth is 10.2 meters. The wave generators are located on two sides, parabolic beaches are placed opposite. The wave generators are hinged and reach 1.2 meters below the calm water surface. Figure 4 shows the parabolic beach.
The Scheldt flume is 56 meters long and 1 meter wide. The water depth is adjustable, up to a maximum of 1.2 meters. A piston-type wave generator is located at one end, a beach at the opposite end.
RESULTS

100-year deep-water wave
A scaled (1:62.5) 100-year long-crested wave was generated in the OB with the following characteristics: The wave was measured at 4 different locations in the basin with resistance type wave probes. One of the probes is used to compare with the numerical results. This probe is located 20 m from the wave generators. The other probes were used to split the wave into incident and reflected components and thus derive reflection coefficients.
Three VOF simulations were carried out, on three different meshes:
A grid with 500x60 grid cells 2. A grid with 1000x120 grid cells 3. A grid with 1500x180 cells
The third mesh required huge computation time (several weeks on a modern PC). Therefore, only a 45 seconds simulation was carried out, whereas the other simulations lasted 290 seconds. Figure 5 shows the beach geometry, using the finest mesh. Figure 6 shows the flap geometry and mesh, using the finest mesh. The fluid behind the flap is modeled as well, but does not affect the fluid motions on the other side of the flap.
One FEM simulation was carried out with 330x14 grid cells. Instead of the real parabolic beach, a pressure damping zone (numerical beach) was modeled in which a further 60x14 cells were used. The simulation became unstable after 290 seconds. Figure 7 shows the spectra of the measured wave, the FEM wave and the VOF wave (2 meshes, the finest mesh is not shown, the corresponding simulation was too short to obtain a reliable wave spectrum) at a distance of 20 meters to the wave generator. This Figure shows that: 1. The high-frequency tail is badly predicted by the VOF method. This can be attributed to numerical damping in the method. When the number of grid cells is doubled, some marginal improvement can be seen. 2. The FEM method captures the high-frequency tail well. 3. Both the FEM method and the VOF method (fine grid) over-predict the peak in the wave spectrum Figure 8 shows the spectra of the FEM wave and the VOF wave just in front of the wave generator (0.5 meters). Measurements were not available at this position. It can be seen that the agreement between the two spectra is much better here than at 20 meters from the wave generator. The short waves (frequencies above 4 radians per second) are well captured near the wave flap. 20 meters from the flap, almost no energy is left. The numerical dissipation in the VOF method is too large for these short waves, propagating over considerable distances. The number of grid points in the VOF method per wave length (1000x120 grid cells) is 49 at a wave frequency of 5 radians per second. Still this is not sufficient to capture this wave at approximately 8 wave lengths from the wave generator. Due to the numerical dissipation, it is also not possible to derive correct reflection coefficients for these high frequencies. The method that is used to derive reflection coefficients assumes that a wave does not loose energy (it only looses energy at the beach due to breaking). Numerical damping and beach effects can therefore not be distinguished. Figure  11 shows the ramp as modeled in the VOF method. The ramp was also modeled in the FEM method. Figure 12 shows the mesh near the wave generator and the ramp. It can be seen that the mesh stretches towards the bottom of the basin. The simulations lasted 540 seconds. Figure 13 shows the wave spectrum for 2 simulations with the VOF method (different grids), a simulation with the FEM method (14 cells in vertical direction and a horizontal grid size of 0.15 meters) and the model test. The distance to the wave generator is 28.3 meters. It can be seen that the high-frequency tail is again under predicted by the VOF method, and accurately predicted by the FEM method. The area around the peak of the spectrum however is better predicted by the VOF method. The FEM method clearly overestimates the wave energy there. Figure 14 shows the low-frequency wave energy. In the physical basin, wave energy occurs at these low-frequencies because of a variety of reasons: 1. Set-down occurs due to non-linear shallow water effects.
The set-down is bound to the first-order wave energy, and occurs at the difference frequencies of the first-order wave components. 2. When the waves propagate from the deep-water area near the wave generator over the ramp into the shallow water area, bound waves (set-down waves) are transferred into free long waves. 3. On the beach the set-down is partly transferred into free long waves when the first-order waves are dissipated. 4. The second-order control mechanism of the wave generator system introduces low-frequency flap motions to counteract second order geometry deficiencies on the flap Not all of these effects are modeled in the numerical wave tanks (especially point 3). Therefore, the low-frequency wave content in the simulations can be significantly different from the test. Furthermore, these long waves are partly dissipated by viscous, frictional effects at the basin floor. This is also not modeled in the numerical wave tanks. In principle, this can be done in the VOF method, but in order to capture boundary layer effects, this would require a very dense grid. Finally, the long free waves always correspond to basin sloshing modes. In order to match these in the simulations, the dimensions of the numerical wave tank has to be exactly the same as the dimensions of the physical wave tank. More details about long bound and free waves in test basins can be found in Voogt et al (2005) . Figure 14 indeed shows that there are considerable differences in the predicted and measured low-frequency wave energy. This energy increases considerably when the grid is refined in the VOF method. Figure 15 shows the reflection coefficient in the model test and in the simulations. The FEM method has smaller reflection than the test. The VOF method seems to over-predict the reflection. Again, the reflection analysis in the VOF method is not reliable for frequencies that suffer from numerical dissipation.
Operational wave in shallow water
A scaled (1:35) operational long-crested wave was generated in the Scheldt flume with the following characteristics: Spectrum type = JONSWAP Significant wave height = 0.049 m Peak period = 1.2 s Water depth = 0.35 meters The flume is equipped with a piston-type wave generator. The basin floor is flat throughout the flume. The length of the numerical wave tank was 32 meters in the VOF method and 46.5 meters in the FEM method. 640x20 cells were used in the VOF method. 310x11 cells were used in the FEM method. In the VOF method, a sloping bottom was used to model the beach. In the FEM method a numerical beach was used. The simulations lasted 560 seconds. Figure 16 shows the wave spectrum at 5.1 meters from the wave generator. The agreement between the measurements and the simulations is good. Figure  17 shows the low-frequency wave energy at 5.1 meters from the wave generator. The FEM method underestimates the wave energy. The VOF method greatly overestimates the wave energy. Figure 18 shows the wave spectrum at 22 meters from the wave generator. Wave energy is lost in the VOF method due to numerical dissipation. The FEM method still gives good results. Figure 19 shows the reflection coefficient in the model test and in the simulations. Both the FEM and VOF methods have larger reflection than the test. Again, the reflection analysis in the VOF method is not reliable for frequencies that suffer from numerical dissipation.
CONCLUSIONS
Simulations were carried out with two types of numerical wave tanks: 1. A numerical wave tanks based on the Volume of Fluid method 2. A numerical wave tanks based on non-linear potential flow and the Finite Element Method
The results were compared with three different wave measurements in two test basins. One test basin was equipped with a flap-type wave generator, the other with a piston-type wave generator. The motions of the wave generators in the test basins were exactly replicated in the numerical wave tanks. The waves were generated in deep water, at intermediate water depth and at shallow water. Based on the results, the following conclusions can be drawn: 1. The modeling of a physical beach in the VOF method results in too large reflections.
2. The dissipation in the VOF method leads to underestimation of the energy of short waves. The FEM method shows much better agreement with the measurement. 3. The FEM method and the VOF method both give good results for waves at intermediate wave lengths. 4. The low-frequency sub-harmonic wave energy is not well represented with the two numerical wave tanks that were studied.
The following recommendations for further research can be made: 1. The implementation of an Automatic Reflection Control (ARC) mechanism in the numerical wave tanks. This is a feature that is also programmed in the control software of the basin wave generator system (not used in the tests shown). ARC helps to eliminate most of the reflected long wave components. A better comparison of the lowfrequency wave content with measurement results is then possible. 2. Implementation of a less-dissipative numerical scheme in the VOF method that still guarantees stability. 3. Further detailed study into the dissipative effect of the physical beach in the VOF method. Maybe more grid cells are needed in the beach region. 4. Implementation of a coupling between the FEM method and the VOF method. The FEM method is used to generate waves that are used as input to the VOF method. The VOF method is subsequently used to study local impact problems at objects in the flow. 
